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The modern steelmaker of advanced high-strength steels has always been challenged with the conflicting targets of increased strength while maintaining or improving ductility. These new steels help the transportation sector, including the automotive sector, to achieve the goals of increased passenger safety and reduced emissions. With increasing tensile strengths, certain steels exhibit an increased sensitivity towards hydrogen embrittlement (HE). The ability to characterize the material's sensitivity in an asdelivered condition has been developed and accepted (SEP1970), but the complexity of the stress states that can induce an embrittlement together with the wide range of applications for high-strength steels make the development of a standardized test for HE under in-service conditions extremely challenging. Some proposals for evaluating the material's sensitivity give an advantage to materials with a low starting ductility. Despite this, newly developed materials can have a higher original elongation with only a moderate reduction in elongation due to hydrogen. This work presents a characterization of new materials and their sensitivity towards HE.
This article is part of the themed issue 'The challenges of hydrogen and metals'.
Introduction
Steel, although known for centuries, is a surprisingly versatile material. Depending on the required properties, steel can be designed, for example, for structural weight reduction, increased energy absorption or complex forming operations. Industrial steel producers along with the scientific community are continually finding new ways of producing steel for the higher demands of the market. With an increase in the material strength, it is known that some steels can exhibit an increased sensitivity towards hydrogen embrittlement (HE). This phenomenon has been studied and characterized extensively [1] , but characterizing the steel's sensitivity towards HE in a manner representative of the changing in-service demands presents a number of challenges.
When considering applications in the pipe or pressure-vessel industry, steel producers together with the scientific community and customers have made significant progress in developing HE tests that represent the application while providing important insights into the damage mechanisms caused by hydrogen (e.g. [2, 3] ). However, the thin gauge often applied in the automobile industry makes these tests impossible to carry out or makes the results invalid. Despite this restriction, the automotive and steel industries have developed tests for characterizing the material's sensitivity to HE in the as-delivered condition. Unfortunately, steel producers do not know and could not possibly test all of the various in-service conditions, including the previous forming and internal stress states resulting from manufacturing and also external loading and varying environmental conditions.
Nevertheless, a myriad of testing methods for ranking the sensitivity of steels towards HE in automobiles have been investigated. All have various advantages and disadvantages. For industrial steel producers and their customers, three of the most important criteria of any test are the practical relevance, reproducibility and reduced test duration compared with the material's life cycle.
In this paper, the slow strain-rate test (SSRT) with notched samples is described as one possible testing method, but it will be shown that the evaluation of the test results is anything but trivial and that one single testing method can at most be seen as part of the complex situation surrounding HE.
Material and methods
Materials for the investigations in this paper were cast, hot-and cold-rolled, and annealed in the pilot plant of thyssenkrupp Steel Europe in Dortmund, Germany. The laboratory castings were 100 kg each, with the compositions listed in table 1.
After cold-rolling to a thickness of 1.0 mm, samples of 450 mm (rolling direction) by 180 mm were annealed using electrical resistance in an annealing simulator. Owing to the carefully chosen annealing cycles for inducing targeted microstructures, one chemistry (chemistry A) could often serve to produce various materials. Other chemistries were optimized for a specific annealing cycle and targeted microstructure. Based on these microstructures, the materials were labelled as DP (dual-phase), TDP (tempered dual-phase), QP (quenched and partitioned), MS (martensitic) or TMS (tempered martensitic).
Material DP1200, with chemistry A from table 1 and final mechanical properties listed in table 2, had a microstructure of approximately 40% ferrite and 60% martensite with finely distributed Ti-carbides (less than 20 nm). Material TDP1200, also having chemistry A, comprised approximately 90% tempered martensite and 10% ferrite, also showing the same Ti-carbide distribution as DP1200. Material QP1200, with chemistry B, exhibited a microstructure of mainly tempered martensite (approx. 80%) with fine lamellar regions of retained austenite (13%) and traces of bainite and ferrite. Material MS1400 was composed of a completely MS microstructure and finely distributed Ti-carbides. The TMS1400 material exhibited a completely TMS matrix with additional Fe-carbides. Finally, the QP1400 material using chemistry C had a matrix of tempered martensite and bainite with fine, acicular retained austenite (15%).
The test described in this work is the SSRT. The geometry of the samples is shown in figure 1 . As the samples were notched, the actual length of the narrowed section could be elongated to provide room for a glass encapsulation to contain a testing medium. The samples were mounted by the punched holes at either end and strained with a continuous velocity of 0.1 µm s −1 . For a reference for each material, samples were first strained in air. To evaluate possible scatter, measurements on selected materials and conditions were repeated. The medium chosen for hydrogen charging was an aqueous solution of 10% NH 4 other works [4] . Samples were mounted with a glass encapsulation (which also allowed for circulation of the aqueous solution) and were charged for 1 h before straining was initiated. After pre-charging, these samples were also strained with a continuous velocity of 0.1 µm s −1 .
Results
The materials in the 1200 MPa strength class were tested in air and in aqueous solution twice in order to characterize any possible scatter. This is indicated by the solid and dashed lines in figure 2 . The data in figure 2 are the nominal stress (force divided by the initial cross section without consideration of stress concentration around the notches) versus the travelled traversal distance. The results for testing in air indicate a large difference in achieved maximum stress, although all materials under standardized tensile testing attain an ultimate tensile strength of approximately 1200 MPa. This influence of notch sensitivity will be presented in the discussion.
After pre-charging the specimens for 1 h, the samples showed a relatively similar sensitivity to HE. The DP1200 samples achieved an average displacement of 0.79 mm and an average nominal stress of 719 MPa. The TDP1200 samples achieved an average displacement of 0.75 mm and an average nominal stress of 883 MPa. Finally, the QP1200 samples achieved an average displacement of 0.73 mm and an average nominal stress of 765 MPa.
The materials in the 1400 MPa strength class (shown in figure 3 ) were also tested in air, but due to the low scatter in the previous air tests no duplicate measurements were performed. The large divergence between maximum nominal stress during air testing observed during the testing of the 1200 MPa materials was not observed here, indicating a more comparable notch sensitivity.
After 1 h of pre-charging in 10% NH 4 SCN, the samples exhibited the stress-displacement curves shown in figures 2 and 3. Duplicate tests were carried out for the charged samples. The M1400 samples achieved an average displacement of 0.93 mm and an average nominal stress of 853 MPa. The TM1400 samples achieved an average displacement of 1.09 mm and an average nominal stress of 1121 MPa. The QP1400 samples achieved an average displacement of 0.88 mm and an average nominal stress of 837 MPa.
Discussion
To make a quantitative comparison of the results, a common practice is to use the ratio between the maximum elongation achieved in air and the maximum elongation achieved in the presence of hydrogen. In this work, the embrittlement factor is simply this ratio subtracted from 1, making a low embrittlement factor an expression of low sensitivity to HE. In an analogous fashion, the sensitivity was also evaluated for the effect of hydrogen on the maximum strength. But before these evaluations are considered too closely, the testing conditions should be discussed.
Testing notched samples has important advantages for the reproducibility and for the test setup. As shown in figures 2 and 3, the scatter of results was small compared with the absolute values of the measured quantities. Also, the fracture of the sample is constrained to the encapsulated and charged region, ensuring that the difference in damage mechanisms, when compared with the control samples in air, is indeed dominated by hydrogen effects. However, testing with notched samples also has drawbacks. If the material has inherent notch sensitivity greater than the other materials, the values from the control test in air will be lower than the control values of the other materials. Then, when comparing the influence of hydrogen on strength or elongation, as seen in figure 4 (for an overview of the calculations, see ESM_1200class in the electronic supplementary material), the material with higher notch sensitivity (DP1200) will show a relatively small sensitivity to HE. Especially, the low embrittlement factor for the strength of DP1200 is skewed due to the low strength of the air test. In a similar fashion, the QP1200 material appears to have a strong sensitivity to HE, but this is simply due to the higher strength and elongation values in air. Similar evaluations have been made in the literature (e.g. [5] ), but the complete data should be considered before drawing conclusions. Similarly in the 1400 MPa strength class, the evaluation of the results can be skewed. The dataset given in figure 5 shows an extremely low embrittlement factor for the TM1400 material. Tempered materials often exhibit a reduced sensitivity to HE (reinforced by the best elongation and strength during charging; figure 3 ), but these results are also strongly influenced by the material's poor performance in the control test, where it showed the lowest strength and lowest elongation of all materials (see ESM_1400class in the electronic supplementary material). The embrittlement factor for elongation of QP1400 is in fact also penalized due to the material's high elongation in air, but both M1400 and QP1400 achieve the same elongation and strength in the presence of hydrogen.
Whether the evaluation method of the test results is correct or skewed, the bigger question is whether such tests are representative of the in-service conditions of high-strength steels and which steels are best suited to the customer's requirements. The SSRT has advantages in that it is simple, reproducible and every sample is tested until a comparable (in stress or displacement) point of failure. This avoids ambiguity of results from tests such as a constant load test, which simply provides a pass or fail result, making a ranking among different materials difficult. The test also has a major advantage in that even the longest tests took less than 10 h. Compared with other tests which can take up to 720 h, the SSRT provides results much quicker.
The biggest drawback of the SSRT for evaluating the sensitivity to HE under in-service conditions is that the actual steel in the automobile only experiences plastic deformation during fabrication or during impact, but the overwhelming majority of the material's life cycle is without plastic deformation. As dislocation movement is often recognized as having a large contribution to the mechanisms of HE, the suitability of a test that involves dislocation movement and simultaneous supply of hydrogen should be questioned. At the least, the results of the SSRT should be combined with results from a constant load test which prescribes a certain representative amount and type of plastic pre-straining. A constant load test without pre-straining does not include increased hydrogen solubility due to the higher dislocation density.
Conclusion
The results and the discussed analysis show that the evaluation of a single test for a material's sensitivity towards HE can be easily misinterpreted and, at the least, needs to be extended with results of other tests which accommodate other aspects of the material's life cycle. Both the steel and automotive industry need to come together to propose creative combinations of tests which
